Abstract. A continuously working arc cluster ion source was used to prepare mass-filtered Fe nanoparticles with a mean size of 6 to 10 nm. Their structure was determined by HRTEM. The nanoparticles were deposited into an Al matrix and additionally on a W(110) substrate for comparison. Within the matrix they maintain their spherical shape and do not show any magnetic anisotropic effect. For uncapped Fe nanoparticles on a tungsten surface, a flattening is observed by STM and the nanoparticles exhibit a distinct magnetic anisotropy with the easy magnetization axis being in the surface plane. Correlating both investigations we conclude that this observation is due to shape and interface-induced contributions to the magnetic anisotropy.
Introduction
Ferromagnetic nanoparticles with a tunable size of up to 20 nm and a narrow size distribution have attracted considerable interest for future applications ranging from medicine and chemistry to ultrahigh density magnetic storage devices [1] . Many different routes, especially chemistrybased methods suited for large scale applications, have been proposed and partially successfully tested for the production of nanoparticles with desired physical properties [2, 3] . The shape and the crystalline structure of such particles (e.g., [4] ) are often influenced by kinetic barriers during the growth process and thus these systems might deviate from thermal equilibrium behavior [5] . As a consequence this class of materials opens the possibility to realize systems with tunable interesting magnetic, structural, and electronic properties. From a technological point of view it is essential to keep in mind that each realistic application requires supported and often embedded nanoparticles in order to guarantee functionality over a sufficiently long time period. However, many studies showed that the particle properties may significantly change when being in contact with a support or a matrix, respectively, particularly when magnetic properties are considered [6] . In order to distinguish pure geometrical (e.g. symmetry) and interface-related effects from additional preparation-induced phenomena it is necessary to investigate the same particles but in different environments. Experimentally, this can be achieved when studying nanoparticles preformed in the gas phase and subsequently deposited onto different substrates or by codeposition into respective matrices [3, [7] [8] [9] [10] .
In the present contribution we focus on preformed, mass-filtered Fe nanoparticles being deposited under soft-landing conditions onto (i) a W(110) substrate and (ii) by codeposition into an Al matrix. Combining high resolution transmission electron microscopy (HRTEM), scanning tunneling microscopy (STM), and X-ray magnetic circular dichroism (XMCD) enables us to study the correlation of structure, shape and the magnetic anisotropy [11] in both environments.
Experimental details
The Fe particles have been prepared by means of an arc cluster ion source (ACIS) [12] . This source provides mass-filtered pure and alloyed 3d transition metal nanoparticles with a kinetic energy below 0.1 eV per atom ensuring fragmentation-free deposition conditions [13] . The particle diameters are tuned by applying a dc voltage U quad to an electrostatic quadrupole filter. Using this experimental setup, particles in a size range between 4 and 20 nm are available [14] . XMCD and STM investigations have been carried out in situ under UHV conditions (base pressure < 1 × 10 −9 mbar). The W(110) crystal was prepared by cycles of heating in oxygen atmosphere and flashing as described in the literature [15, 16] . The surface cleanliness and quality were checked by means of low energy electron diffraction prior to the cluster deposition. In order to avoid agglomeration as well as magnetic dipolar interactions particle ensembles with low density (< 200 nanoparticles per µm 2 ) were prepared in all experiments described here. For the matrix sample first a thick layer of Al was evaporated from a crucible onto a native Si(111) wafer. Subsequently, the Fe particle deposition was started simultaneously to the Al evaporation. Finally, a thick capping layer of Al was prepared to ensure that the particles are fully covered by Al. The XMCD experiments were carried out using circularly polarized synchrotron radiation provided by the PM3 beamline at BESSY (Berlin). Details on the XMCD effect and its applications can be found in the literature [17] [18] [19] . Here, magnetization curves were obtained recording the sample drain current (total electron yield detection) with a fixed polarization and the light at an angle of incidence of 30 • relative to the surface when applying an external magnetic field in the surface plane and 60 • when applying the magnetic field along the perpendicular direction. The photon energy was set to the L 3 edge of Fe. A magnetic field B up to 30 mT was applied at variable angle with respect to the sample surface normal allowing to probe anisotropic magnetic properties. For the STM experiment a commercial MicroSTM (Omicron) was used. The probe tips are prepared by chemical etching of a tungsten wire. All measurements were carried out at room temperature in the constant current mode.
3. Results and discussion 3.1. Structure and shape of the Fe particles Fe particles prepared by the ACIS cluster source have already been characterized in some of our previous studies [14, 20] . Similarly to other experiments a bulk-like bcc lattice in the size range from 6 to about 10 nm was found by means of ex situ TEM [21, 22] . The respective particle shape in thermal equilibrium is given by six (001) and twelve (110) surface facets forming a truncated dodecahedron as expected from the Wulff theorem [20, 22, 23] . Two high resolution TEM images are here given as examples in Figs. 1 (a) and (b). The particle in Fig. 1 (a) was deposited onto a carbon-coated TEM grid and subsequently exposed to ambient air for the transport to the microscope. A fourier transform of the image (shown in the inset) reveals a lattice parameter of 0.290 ± 0.005 nm being practically identical with the bulk value of 0.287 nm. After correction for the presence of the native oxide layer we can deduce an initial diameter of the pure metal particle of about 9 nm. We may note that the particle shape in Fig. 1 (a) is largely determined by the oxide shell consisting of irregularly grown oxide grains [24] and thus does not reflect the shape of the pure Fe particle prior to deposition. Fig. 1 (b) shows a particle of similar size but deposited into an Al matrix. As discussed in Ref. [20] the embedded particle is free of oxide and its apparent morphology can be attributed to the above described equilibrium shape.
The actual particle morphology in a deposition experiment may significantly depend on the chosen substrate and on the landing conditions. The equilibrium shape of a supported nanoparticle is in general modified by the interface energy [25] . The high surface energy of W(110) (4 Jm −2 ) relative to that of Fe (2.4 Jm −2 ) results in a distinct wetting behavior in respective heteroepitaxy experiments [26, 27] . Accordingly, one may expect that under equilibrium conditions Fe particles are smeared out on W(110) resulting in flat islands of monatomic height as discussed in [28] . However, kinetic barriers can hinder the preformed particles to adopt equilibrium conditions upon deposition. In molecular dynamics simulations it was found that for sufficiently small kinetic and adsorption energy released upon contact to the substrate the initial particle shape can be conserved [13] . Using in situ STM we find that under the present conditions the Fe nanoparticles clearly retain a three-dimensional shape upon deposition on W(110) as shown in Fig. 1 (c) . Moreover, the particles are randomly distributed on the surface and no signature of diffusion to step edges or surface defects is found (not shown here). Since the lateral dimensions in STM images are affected by convolution effects when tip radius and particles are of comparable size [29, 30] one cannot directly infer the particle morphology from images as given in Fig. 1 (c) . However, the particle height can unambiguously be measured [being 7 nm in Fig. 1 (c) ] and can be related to the particle diameter determined by means of TEM.
A respective comparison of STM heights and TEM diameters is shown in the upper panel of Fig. 2 for different particle sizes being determined by the setting of U quad in the mass-filtering unit of the ACIS. In each investigation more than 250 particles were measured concerning the diameter and the height, respectively, resulting in an error of about ±0.5 nm. Obviously, the particles appear partially flattened on the W(110) surface. Thereby, the decrease in the height of the size-selected clusters on W(110) is about 1 nm when compared to the TEM images. A similar flattening has also been found for FeCo alloy clusters on W(110). As discussed in Ref. [31] we ascribe this to thermally activated surface diffusion initiated immediately upon the impact on the substrate, i.e., before the released energy is dissipated. After thermalization no further changes are observed at room temperature and on the time scale of our experiments (a few hours). This also nicely demonstrates how structures far from equilibrium conditions can be achieved and stabilized by deposition of preformed nanoparticles. A detailed discussion concerning the equilibrium shape of crystalline nanoparticles deposited onto a lattice mismatched planar substrate can be found in [32] . Assuming a constant volume before and after deposition and a shape of a spherical cap of the particles in contact with the substrate we can calculate the size-dependent aspect ratio as shown in the lower panel of Fig. 2 . The deviation from a spherical shape (aspect ratio = 1) clearly decreases with the particle size. This can also be understood, when considering thermally activated diffusion upon impact. Thereby the length of the diffusion paths being required for an effective material transport increases with the particle size, while the diffusion constant stays constant.
Magnetic behavior
In situ recorded magnetization curves of Fe nanoparticles on W(110) are significantly affected by the observed shape changes. As shown in Fig. 3 particles deposited with a diameter of about 10 nm are easily magnetized in the surface plane (solid circles), but significantly higher magnetic fields are required for out-of-plane magnetization (open circles). Our data suggest an uniaxial magnetic anisotropy with a hard axis perpendicular to the sample surface. However, the magnetic moments of the particles are not ferromagnetically blocked but thermally fluctuating in the sample plane. The respective magnetization curves can be described by the statistical physics partition function applied to a macrospin as discussed, e.g., in Refs. [33, 34] . The magnetic anisotropy energy of such a sample is then extracted by fitting the partition function to the datasets. The black lines in Fig. 3 are obtained by a simultaneous fit to both, the in-plane and out-of-plane data and reveal an anisotropy energy of K = (5.7 ± 1.7) µeV/atom. This value can be compared to calculated shape and interface anisotropy contributions. Based on the observed aspect ratio of about 0.9, respective calculations yield K shape = 1.3 µeV/atom and K interface = 6.4 µeV/atom, cf. Ref. [31] , being close to the experimental value. However, the magnitude of the interface term may depend on the orientation of the particles on the W(110) surface. In particular, K interface might be different for particles resting with their (001) or their (110) facets on the substrate, respectively. As discussed above tip convolution effects prevent us to obtain the orientation of the deposited particles from the STM data. Thus, additional efforts are required to unambiguously determine the origin of the observed anisotropy [35] . Finally, we may note that the fits shown in Fig. 3 are obtained by numerical integration of the partition function. Recently, an analytical expression was derived, which applies when the magnetic field is parallel to the anisotropy axis [36] . This formula might be alternatively used to determine the anisotropy energy from respective data. A further possibility is given by analyzing the initial susceptibility of the magnetization curves with expressions given in Ref. [33] . Magnetization curves were also measured for Fe nanoparticles (with a diameter of 8 nm) embedded in the Al matrix as shown in Fig. 3 . The full diamonds (open diamonds) correspond to the magnetization measured with the magnetic field applied parallel (perpendicular) to the sample surface. For this situation there is no evidence for an anisotropic behavior. We may note that the cubic magneto-crystalline anisotropy contribution of bcc Fe amounts to K Fe = 3.3 µeV/atom [37] and the onset of superparamagnetism for particles in the present size range is therefore expected to be far below room temperature (< 25 K [38] ). Although the temperature in the present experiments is more than 10 times larger than the blocking temperature, the magnetization curves may still deviate from a respective Langevin curve [36] . To evaluate the effect of the anisotropy we have calculated a Langevin curve given by M/M s = coth(N mB/k B T ) − k B T /N mB, with m being the magnetic moment per atom, N the number of atoms per particle, k B the Boltzmann constant, T the temperature, and B the magnitude of the magnetic field. Using m = 2.2 µ B for Fe, N = 28, 000 corresponding to a particle size of 8 nm, and T = 290K we obtain the dashed curve in Fig. 3 showing a good agreement with the experimental data. For comparison we have computed the magnetization curve of particles with the same size, magnetic moments and at the same temperature, but additionally including the effect of a uniaxial anisotropy with randomly distributed easy axes in a respective particle ensemble. Assuming K Fe the statistical partition function yields the dotted curve in Fig. 3 which shows noticeable deviations from the Langevin curve. However, we may note that the magneto-crystalline anisotropy of iron is of cubic nature with fourfold symmetry. This may lead to a more Langevin-like behavior of the present particles as suggested by the data in Fig. 3 . Independently of the above discussion, the impact of the environment on the magnetic properties of Fe nanoparticles becomes directly obvious from Fig. 3 . The deposition of Fe particles onto a flat W(110) substrate leads to a partial flattening compared to the equilibrium shape. First, this reduces the symmetry of the particle shape. In addition to this the contact interface is different from the remaining particle surface. Both effects lead to an anisotropic magnetic behavior as discussed in detail in Ref. [31] . In contrast, embedding similar particles in an Al matrix retains the high symmetry of the preformed particles as shown in Fig. 1 (b) . In fact, the lower surface energy of Al (about 1.1 Jm −2 [27] ) relative to that of Fe leads to a dewetting behavior thus supporting a spherical particle geometry. As a consequence no shape anisotropy is developed and interface contributions cancel out resulting in an isotropic superparamagnetic behavior.
Conclusion
A continuously working arc cluster ion source was used to prepare mass-filtered Fe nanoparticles with sizes ranging from 6 to 10 nm. Their structure was determined by HRTEM. The nanoparticles were deposited on a W(110) substrate and embedded into an Al matrix. In the matrix they maintain their spherical shape, after deposition on a plane substrate without capping a flattening is found by STM, respectively. The magnetic properties were investigated by XMCD. Whereas the deposited nanoparticles exhibit a distinct magnetic anisotropy with the hard magnetization axis being perpendicular to the surface plane the embedded nanoparticles do not show any anisotropic effect. Correlating these investigations we conclude that this observation is due to distinct differences of the respective magnetic shape and interface anisotropy contributions in both systems.
